Abstract
Introduction 41 42
Water resource availability in much of the northern hemisphere is strongly dependent on 43 wintertime storage and springtime melt of mountain snowpacks. Seasonal snowpacks 44 and glaciers provide water resources to more than a sixth of the global population 45 [Barnett et al., 2005] , and global modeling studies suggest that warming temperatures 46 and changing atmospheric circulation patterns associated with anthropogenic climate 47 change will likely result in altered snowpack timing and magnitude in many areas 48 [Arnell, 1999; Vicuna et al., 2007] . Among the regions most dependent on mountain 49 snowpack is the American West, especially the state of California, where snowmelt 50 releases stored water resources during seasons with little precipitation . 51 52 Recent studies of historical snowpack in California suggest that a move towards earlier 53 snowmelt and peak streamflow is already apparent Hall, 2009, 2010 and Cayan, 1995] . Most projections of future change in mountain snowpack in the 57 American West have been based on global climate model (GCM) output, but GCMs 58 alone often fail to correctly simulate mountain snowpacks because the highly complex 59 orography associated with mountain belts cannot be adequately captured with coarse 60 GCM grid spacings . As a result, most studies downscale GCM 61 output via dynamical methods such as a regional climate model (RCM) [ are also provided in the CDEC archive and are included in Table 1 . 207 208
Analytical Methods 209
To assess the effect of spatial resolution on modeled snowpack, we calculate the mean 210 daily SWE for all three domains at all elevations over 1500 m within the boundaries of 211 and Hall [2010] for more details). SCD is also similar in principal to center timing, a 238 commonly used metric of streamflow seasonality between the first day on which either observed or modeled SWE is greater than 1.0 mm 251 and the last day on which SWE is greater than 1.0 mm. This metric provides an 252 indication of model skill, but some caution is warranted because both observed and 253 modeled time series exhibit a high degree of serial autocorrelation and because r is 254 insensitive to differences in time series magnitude. 255 256 4. We compare observed and WRF-derived precipitation in order to determine whether 257 any biases in modeled snowpack are related to an over-or under-abundance of 258 precipitation. Daily precipitation totals are available at 10 of the stations used here, and 259 we use a paired student's t test to determine whether WRF-derived annual precipitation 260 totals differ significantly from observations at these locations. In addition, we separately 261 compare D3, D9, and D27 precipitation at low elevations (<2000 m) and high elevations 262 (>2000 m) to determine whether model resolution has any effect on total precipitation via 263 greater topographic detail at higher resolutions. If so, then we expect to observe similar 264 levels of precipitation at low altitudes in all model domains and substantially greater 265 precipitation at high altitudes at finer grid spacings due to the effects of orography. If 266 not, then either lower precipitation in D27 at high altitudes will be offset by greater 267 precipitation at low altitudes, or all domains will generate similar amounts of 268 precipitation at all altitudes. 269 270 5. We compare time series of snowpack accumulation (i.e. snowfall) and ablation (i.e. 271 melt and sublimation) from WRF-Noah and observations. Despite the fact that they are 272 both sensitive to temperature, the physics associated with accumulation and ablation 273 processes are largely distinct. In WRF version 3.1.1, precipitation, the principal form of 274 accumulation, is simulated by WRF directly while ablation processes are handled in 275
Noah. As a result, we divide modeled and observed time series into periods of 276 accumulation and ablation in order to assess model skill in tracking each process 277 separately. Accumulation days are defined as those where measured SWE is greater than 278 the previous day, while ablation days are those where accumulated SWE has declined 279 relative to the previous day. Days on which there is both accumulation and ablation are 280 not captured, but these are likely to be a small subset of accumulation and ablation days. Values of D27 SWE are substantially smaller than D3 and D9 SWE at high elevations but 320 are comparable to, or even somewhat greater than, D9 and D3 SWE at lower elevations. 321
This pattern is likely due to the fact that in some areas adjacent to high elevation regions 322 D27 elevations are higher than D3 or D9 elevations due to greater smoothing of 323 topography at lower spatial resolution. By contrast, D9 and D3 SWE are relatively 324 similar at all elevations, with the greatest differences occurring at elevations greater than 325 3000 m, where D3 SWE is about 10% greater than D9 SWE. Table 2 ). The overall mean bias is -2.6 K. However, this bias is not evenly 454 distributed throughout the snowpack season. A comparison of temperature error in D3 455 and modeled snowmelt timing shows a strong correspondence between melt events and 456 strongly negative temperature errors (Figure 10) . Indeed, the mean temperature error 457 during modeled ablation events across all stations (-3.2 K) is nearly twice that for non-458 melt periods (-1.7 K), and temperature error and modeled daily ablation are highly 459 correlated, on average, at r=-0.71, with systematically high anticorrelations between these 460 two quantities at nearly all stations ( Table 2) . 
Comparing Simulated and Observed Snowpack Quantity and Timing 482
There are three principal conclusions to be drawn from this analysis. The first is that 483 model resolution substantially affects the quantity and timing of SWE accumulation and 484 ablation in WRF simulation of mountain snowpacks. When run at a 27 km spacing, 485 WRF appears to substantially underestimate snowpack persistence and magnitude at most 486 stations ( Figure 5) . By contrast, model grid spacings of 9 km and 3 km come much 487 closer to accurately simulating both accumulation and ablation processes ( Table 1) . 488 Examination of Figures 6, 7 and 8 suggests that much of this discrepancy is related to the 489 limited ability of WRF to capture the effects of elevation and orography on precipitation 490 and ablation at 27 km in high altitude environments (i.e. spatially diverse high elevation 491 mountain ridges are reduced to lower elevation plateaus). This is apparent in Figure 4 , 492 where at relatively low elevations SWE at 27 km is comparable to that at higher 493 resolutions, while above approximately 2500 m 27 km SWE estimates are dramatically 494 lower. It is also possible that elevation differences among the domains result in 495 differences in precipitation phase, which could also play a role in comparison of 496 snowpack among the three domains. The importance of accurate topography in driving 497 SWE simulations is also clear in Figures 7 and 8 , which show clear relationships 498 between model skill and elevation accuracy regardless of the grid spacing selected. 499 However, the fact that observed station elevations are substantially higher than model 500 elevations at 27 km (206 m), while at 9 and 3 km spacings mean elevation errors are 501 much lower (44 and -12 m, respectively) supports the idea that a grid spacing sufficiently 502 fine to accurately reflect topographic variations is critical to robust simulation of 503 snowpack. For the Sierra Nevada, it appears that the optimal grid spacing is less than 27 504 km, which supports previous conclusions by Jin and Miller [2007] . A comparison of 505 SWE in 9 km and 3 km WRF simulations with station data does show generally higher 506 correspondence at 3 km (Table 1, Figure 3b) , especially in simulation of overall SWE 507 accumulation. Moreover, the presence of a -9.2% systematic bias in D9 SWE 508 accumulation (relative to -0.6% for D3) shown in Figure 8 suggest that snowpack may 509 be better simulated in D3 than in D9. However, the close correspondence between 9 km 510 and 3 km area-averaged SWE in Figure 3a However, this source of error likely has a mean near zero when averaged over a large 548 number of observation locations [Ikeda et al., 2010; Barlage et al., 2010] and is thus 549 more important from a validation perspective than for regional hydroclimate studies. Of 550 greater concern are the systematic biases towards early snowmelt apparent when 551 comparing observations and model output. At low resolutions (e.g. D27), a portion of 552 this melt bias (approximately 11 days observed bias in SCD) is almost certainly related to 553 differences in elevation between the model grid cell and observation location, as is 554 apparent in Figure 7 . Only a few hundred meters of difference in elevation can result in 555 major differences in the timing of snowmelt. However, even with discrepancies in 556 elevation taken into account, the model exhibits a systematic bias of 22-25 days towards 557 earlier snowmelt. This bias can most easily be explained by problems arising from 558 snowpack physics in WRF-Noah. 559 560
Evaluation of the Snowpack Energy Balance in WRF-Noah 561
The third principal conclusion of this work is that an imbalance in heat fluxes is a likely 562 contributor to the observed early snowmelt bias in WRF-Noah. At first glance, the cold 563 bias in WRF-Noah surface air temperatures during melt events seems incompatible with 564 the erroneously early simulated snowmelt. When viewed from an energy balance 565 perspective, though, these seemingly contradictory observations suggest an erroneously 566 positive heat flux from the atmosphere into the snowpack as one possible source of early 567 melt bias. This hypothesis requires further testing, however, as currently available 568 energy balance data at observation locations used here is insufficient to fully evaluate 569 modeled fluxes. We recommend this aspect of the WRF-Noah system as a strong 570 candidate for future study. 571
572
In absence of validation data, examination of how snowmelt is simulated in Noah can 573 provide guidance for future efforts to improve WRF-Noah. The primary energy balance 574 equation for snowmelt in Noah is: 575 Where RCh is a surface heat exchange coefficient multiplied by the wind speed, air 609 density, and the specific heat of water; Ts is the surface skin temperature; and θ is the air 610 potential temperature. During major melt events, the air temperature is warmer than the 611 surface skin temperature, leading to heating of the surface, or negative sensible heat flux 612 from the surface to the atmosphere. The temperature component of Equation 3, (Ts-θ), is 613 unlikely to be the source of anomalously high snowmelt because while Ts is fixed near 0 614 28°C during melt events, simulated θ is too low. This scenario results in less heating of the 615 snowpack by the atmosphere than if there were no temperature bias, thus decreasing melt. 616
The other term in equation 3, RCh, is highly dependent on wind speed, and in order to 617 achieve the excess snowmelt and negative bias in modeled air temperature, WRF wind 618 speeds would likely have to be substantially too high. Although accurate in situ wind 619 speed data is not available at the snowpack observation stations used here, past studies of 620 wind speed in WRF in the western United States do suggest a bias towards anomalously 621 high wind speeds [e.g. Chen and Steenburgh, 2005] . Over snow-covered areas, latent 622 heat fluxes in Noah are limited to sublimation and frost, and there are no terms in the 623 energy balance equations to account for evaporation of liquid water from the snowpack 624 [Koren et al., 1999] . As melting snowpacks often contain substantial amounts of liquid 625 water [Jordan, 1983] , the inclusion of a term to explicitly account for evaporative heat 626 flux from snow could also improve simulation of snowmelt in Noah. Table 1 for summary statistics for all stations). In 932 general, 3 km and 9 km domains better match observations than does the 27 km domain. 933
At most stations, all domains exhibit a bias towards early snowmelt relative to 934 observations. 935 
